Introduction
The superfamily of G protein-coupled receptors (GPCRs) is one of the largest families of proteins in the human genome [1, 2] and probably also in most other vertebrate species [3] . GPCRs participate in a diversity of important physiological functions and are targets for many modern drugs. Their ligands are particularly diverse, and include ions, organic odorants, amines, peptides, proteins, lipids, nucleotides and photons, which are all able to activate GPCRs. The main structural characteristic of GPCRs is seven stretches of about 25-35 consecutive amino acid residues that show a relatively high degree of hydrophobicity and represent a-helixes that span the plasma membrane in an anti-clockwise manner. These sequences stretch from the common area or a recognition and connection unit of all GPCRs, enabling an extracellular ligand to exert a specific effect on the cell. This area of the receptors is generally relatively well conserved and is used to identify and classify novel GPCRs as other areas of the receptors are frequently much more diverse. The name GPCRs indicates that these receptors interact with G-proteins. This has however not yet been demonstrated for most of the proteins classified as GPCRs. Moreover, GPCRs are known to have many alternative signaling pathways, interacting directly with a number of other proteins such as arrestins and kinases. Hence, it would perhaps be more technically correct to term this superfamily "seven transmembrane (TM) receptors", but the GPCR terminology has become more established.
Both physiological and structural features have been used to classify GPCRs. The first classification system was introduced in 1994 by Attwood and Findley [4] . They used the term "clans" to designate the different GPCR families. The classified dataset at this time contained over 240 rhodopsin-like GPCRs from different species. Many of these receptors were olfactory and light-recognizing receptors of the opsin type. Independently, but around the same time, Kolakowski presented the well known "Family A-F classification system" [5] . This system included receptors shown to bind G-proteins while the other 7TM receptors were classified as O (other). In conjunction with this classification system the database GPCRdb was developed and included at that time 777 unique GPCRs from various species. Family A contained receptors similar to rhodopsin and biogenic amine receptors. Family B contained receptors similar to the secretin and calcitonin receptors while Family C contained the metabotropic glutamate receptors. Family D and E contained only receptors that were not, and still have not been, identified in mammals, namely the fungal pheromone receptors and the cAMP binding receptors, respectively. Finally, Family F contained archebacterial opsins. The Kolakowski classification system was later extended independently, and differently, by Josefsson and Flower in 1999 [6, 7] . Moreover, another classification system was suggested in 1999 that contained in total five families based on the position of the ligand-binding pocket and the sequence length of the receptors. This system excluded the receptors that are not present in vertebrates [8] . This system used both structural and physiological features to classify the receptors. Recently, we have undertaken large-scale systematic phylogenetic analyses including the majority of the GPCRs in the human genome [9] . This provides us with the GRAFS system showing five main families named Glutamate (G; previous family C/3), Rhodopsin (R; previous family A/1), Adhesion (A; previously part of family B/2), Frizzled/ Taste2 (F; previously O/5 and not included) and Secretin (S; previously part of family B/2). Moreover, we subdivided the large Rhodopsin family into 13 subgroups. The grouping was carried out using strict phylogenetic criteria and only a few human receptors did not group into these clusters and these receptors were thus placed into what we called Other 7TM receptors. There are several GPCRs that have been discovered since we published this classification [10] [11] [12] [13] and here we present an updated version of the human repertoire. In this overview we describe each of the families and groups within the GRAFS classification system and include phylogenetic trees which were derived by Maximum Likelihood and show branch lengths.
The Adhesion Family
The Adhesion family is the second largest GPCR-family in humans with 33 members. The group is called Adhesion GPCRs according to a recent GPCR classification [9] and this nomenclature seems to prevail. This family has however been assigned various names through the years. These include EGF-TM7 to reflect the presence of epidermal growth factor (EGF) domains in the N-termini [14, 15] and LN-TM7 receptors where LN stands for long N-termini and B2/LNB-7TM to reflect their vague similarity to secretin receptors [16] . The Adhesion family members have several structural features that clearly separate them from all other groups of GPCRs. In a recent article we showed the entire repertoire in human and mouse where the diversity of their N-termini is highlighted [12] . Their long N-termini contain a high percentage of Ser and Thr residues that can create O-and N-glycosylation sites. These N-termini or stalk-like regions are thus thought to be highly glycosylated and act as a mucin-like domain with a rigid erect structure protrud-ing from the cell surface. The long N-termini are believed to bind various proteins that promote cell-to-cell and cell-to-matrix interactions. All of the Adhesion GPCRs except GPR 123 contain a GPCR proteolytic domain (GPS). Additionally their N-termini can contain a number of different domains that are also found in various other proteins, such as cadherin, lectin, laminin, olfactomedin, immunoglobulin or trombospondin. It is likely that the repertoire of these domains plays an important role in the functional specificity of the receptors.
Phylogenetically, as can be seen in Fig. 1 .1, this family forms three main subfamilies with the largest containing lectomedin, EGF-like module, cadherin EGF, EGF lathrophilin, CD97 and GPR 127 receptors. It is interesting to note that all receptors in this group, with the exception of lectomedin receptors, contain EGF domains and that no receptors outside this cluster contain this type of domain [12] . Continuing clockwise in Fig. 1 .1 the second group contains 10 receptors termed GPR 110, GPR 111, GPR 113, GPR 115, GPR 116, GPR 123, GPR 124, GPR 125, GPR 133 and GPR 144. The receptors in this cluster have in general very few recognizable domains in their long N-termini, with GPR 123 having no known domains and GPR 110, GPR 111 and GPR 115 having only a GPS domain. The other receptors contain immunoglobulin domains (GPR 124, GPR 125 and GPR 116), hormone-binding domains (GPR 113), leucine-rich repeats (GPR 124 and GPR 125), a pentraxin domain (GPR 144) and a sea urchin sperm domain (GPR 116) [12] . The third family contains brain angiogenesis receptors, human epidymal receptors, the very large GPR 1 (over 6300 amino acids long) and GPR 56, GPR 97, GPR 112, GPR 114, GPR 126 and GPR 128. Also, several receptors in this group are rather sparse in known domains with GPR 56, GPR 97, GPR 114, GPR 126, GPR 128 and human epidymal receptor containing only GPS domains. The three Brain Angiogenesis Inhibitor GPCRs (BAI) contain only hormone-binding and trombospdin domains while GPR 112 contains a pentraxin domain. The very large GPR 1 contains several copies of the sodium-calcium exchange/integrin beta domains [12] . Although several of the more recently discovered Adhesion GPCRs have surprisingly few recognizable functional domains in their N-termini, it is likely that these receptors contain novel domains that are not recognizable using current bioinformatics tools. The majority of the Adhesion GPCRs are orphans and for the few that have been characterized with regard to ligand binding, none has been shown to bind their ligand within the TM regions. CD97 is one of the most studied receptors in this family and is found in several types of blood cell. CD97 interacts with the 312-amino acid membrane protein CD55 (or decay accelerating factor; DAF) which is expressed on most leukocytes [17] . Recently, it was also shown that a glycosaminoglycan (chondroitin sulfate) acts as a cellular ligand specific to the EGF-like domains of the EMR2 [15] . Receptors of the Adhesion family are expressed in various parts of the human body and many of them have prominent expression in the immune system, central nervous system, and in the reproductive organs, suggesting that they might take part in a large variety of physiological functions. Phylogenetic trees for each family and group of GPCRs. The topology is a consensus tree from 100 bootstrap replicas calculated using ordinary parsimony and the branch lengths are optimized using the Maximum Likelihood method with no assumptions of the presence of a molecular clock and hence the branch lengths correspond to protein distances, not evolutionary time. The calculations are performed on the amino acid sequences from transmembrane region 1 to the end of transmembrane region 7, meaning that no N-termini are used for the calculations as they are very divergent for the different groups. R is the abbreviation for receptors in the annotation on the figures.
The Secretin Family
The secretin family consists of 15 receptors and occurs widely in all animal species [16, 18] . The N-terminal regions of these receptors share some primary sequence similarity with the Adhesion family of GPCRs and in the A-F classification system both are considered to belong to the B family. Although this sequence similarity is clearly recognizable, it is evident that the Secretin and the Adhesion families are evolutionarily old and that they split into individual groups long ago. Both families are present as multimember families in both insects such as D. melanogaster and A. gambiae as well as in C. elegans [3] as are the other main families, i. e. the Adhesion, Rhodopsin, Frizzled and Glutamate families. The phylogenetic tree of this family has four main subgroups, the largest one consisting of the secretin, Growth Hormone Releasing Hormone, Vasoactive Intestinal Peptide and Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP) receptors. The other groups contain, in clockwise order in Fig. 1 .2, the Corticotropin Releasing Hormone/Calcitonin Gene Related Peptide Receptors, Glucagon/Glucagon-like Peptide/Gastric inhibitory peptide receptors and the Parathyroid Hormone Receptors. The receptors in the Secretin family bind rather large peptides and most often act in a paracrine manner. The Secretin family name is related to the fact that the secretin receptor was the first of this family to be cloned and the term secretin-like receptors has also frequently been used in the literature with reference to receptors in this cluster. The N-terminal, between about 60 and 80 amino acids long, contains conserved Cys bridges and is particularly important for the binding of the ligand to these receptors. For example, the N-terminal alone of the VIPR and PACAP receptor constitutes a functional binding site for the ligand. The receptors have a recognizable "hormone binding domain" in the N-termini and these receptors bind rather large peptides that most often act in a paracrine manner.
The Frizzled/Taste 2 Family
Our phylogenetic studies on the human repertoire have indicated that two very different groups of receptors cluster together. There are few elements in the consensus sequence and the HMM models, such as the consensus sequence of IFL in TM2, SFLL in TM5, and SxKTL in TM7 which are motifs that do not seem to be present in the consensus sequences of the other four families, that could explain why these two groups of receptors cluster together. Further studies are needed to investigate whether these two groups have a common evolutionary history. Below we look at these groups separately.
The Frizzled Receptor Cluster
The Frizzled group consists of 10 frizzled receptors named Frizzled receptor 1-10 and the single Smoothened receptor. The topology of the tree in Fig. 1.3 shows four main clusters: the cluster containing Frizzled 1, 2 and 7 which have approximately 75 % identity to each other; the Frizzled 8 and 5 that have 70 % identity, the 6 Frizzled 10, 9 and 4 that have around 65 % identity; and finally Frizzled 6 and 3 that have 50 % amino acid identity. The identities shared by receptors from different clusters are between 20 and 40 %, indicating that four parental genes from the Frizzled family were initially formed and subsequently the four clusters originated out of these. Smoothened is, as evident in Fig. 1.3 , clearly the most divergent of the receptors from the Frizzled family, sharing only 24 % amino acid identity to FZD2 and less to the others. The large evolutionary distance between the Smoothened receptor and the other Frizzled receptors also reflects a large evolutionary time of divergence as Smoothened are found as a distinct receptor back in C. elegans, which diverged from the lineage leading to mammals more than 600 million years ago [19] . Despite this large sequence divergence between Smoothened and the other Frizzled receptors, all these receptors clearly belong to the same family, which has been shown from phylogenetic analysis of the entire GPCR family [9] . The frizzled receptors control cell fate, proliferation, and polarity during metazoan development by mediating signals from secreted glycoproteins termed Wnt. The frizzled name was first used for a receptor cloned from Drosophila, referring to the curled and twisted Wnt ligand. It was for some time questionable whether the Frizzled receptors were actually true GPCRs, but it has been shown that the Wnt ligand binds to the rat Frizzled receptor 2 and can induce G-protein coupling [20] providing evidence that the frizzled proteins are GPCRs. The frizzled family of receptors has about 200 amino acid-long N-termini with conserved cysteines that are likely to participate in Wnt binding.
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The Taste 2 Receptor Cluster
The Taste receptors type 2 (T2Rs) are GPCRs without introns and have very short extracellular N-termini which are believed to be unable to bind ligands and hence it has been suggested that the ligands bind in a pocket within the extracellular parts of the TM regions [21] . The T2Rs show very low sequence similarity to the umami and sweet taste receptors within the Glutamate family (see below), which indicates that the function of recognizing the taste of substances has undergone at least two developmental stages in animals. T2Rs recognizes bitter substances and the relatively large number of T2Rs suggests that mammals have the capability of recognizing many different bitter-tasting substances. Because many poisonous compounds have a bitter taste it has been suggested that this large repertoire of bitter taste receptors has evolved as a key defense mechanism [22] . To date, the majority of T2Rs are orphan receptors without known identified ligands and the only human receptor with a known ligand is T2R16, which has been shown to be activated by salicin [23] . It has also been shown that two mouse and one rat receptor can be activated by bitter compounds and it is highly plausible that the other T2Rs also respond to bitter compounds [22] . Phylogenetically ( Fig. 1.4 ) the relationship between the T2Rs varies considerably with both long branches and clusters of receptors with relatively short branches, such as the cluster of nine receptors containing Taste 2R62. AsTaste receptors type 2 are specific for vertebrates [3] and hence have only been around for maybe 450 million years, this suggests that this family is evolving rapidly, perhaps the most rapidly evolving among all GPCR groups. Additionally, it is likely that the clusters of receptors with short branches have arisen rather recently and this is also supported by the fact that these receptors are located in a gene cluster on human chromosome 12 (Bjarnadottir et al., unpublished data).
The Glutamate Family
The Glutamate family, also known as the clan C receptors, is mostly known for the metabotropic glutamate receptors, which for example mediate glutamate responses in a variety of CNS functions. Other subgroups within this family are the GABA-receptors, the calcium-sensing receptors, a number of orphan GPCRs and the chemosensory receptors, more specifically taste receptors type 1 (TAS1R) and the G 0 -coupled pheromone receptors (V2Rs; see Fig. 1 .5). The V2Rs are specialized in the detection of pheromones related to social and reproductive behavior in most terrestrial vertebrates [24] . Although V2Rs are present in large numbers in all non-primate mammalian genomes investigated, no functional V2Rs are present in the human genome. TAS1R have been identified in mouse, rat and human and are activated by sweet and amino acid taste compounds and these receptors show no close evolutionary relationship to the bitter taste receptors and it is probable that these two families of taste receptors have arisen independently. Surprisingly though, both these types of taste receptors appear to be present only in verte- brates [3] and might hence have evolved independently but at approximately the same time. This functional diversity of receptors belonging to the same phylogenetic group, the Glutamate GPCRs, is seemingly only matched by the large Rhodopsin family. One of the most important structural features of many of the Glutamate GPCRs is that they possess a large extracellular domain, usually around 600 amino acids. Two-thirds of the extracellular domain has been shown to participate in a two-lobe "Venus flytrap" mechanism which is critical for recognizing and binding ligands among the subgroups of metabotropic glutamate-, GABAand calcium-sensing receptors. Also the taste receptors and the orphan receptors related to GABA and calcium-sensing receptors have rather long extracellular N-termini. The Glutamate family contains 22 receptors in the human genome ( Fig. 1.5 ) and these are phylogenetically divided into four main groups. The largest is the group of closely related metabotropic glutamate receptors which comprises eight members. Continuing clockwise along the tree, there is a group of five receptors containing two GABA receptors and three orphans. It is evident that these receptors are clearly distantly related considering the branch lengths of the tree. The next group contains four orphan receptors, GPR C 5A-Ds, which are the only receptors in the Glutamate family that lack long N-termini. The fourth group contains the three taste receptors of type 1, the calcium-sensing receptor and the orphan receptor GPR C 6A.
The Rhodopsin Family
The Rhodopsin family is made up of the largest number of receptors with about 278 non-olfactory receptors. In addition there are at least 347 olfactory receptors [25] and another 11 receptors currently placed in the "Other" group that are likely to be of Rhodopsin type and this adds up to 636 known Rhodopsin GPCRs. The Rhodopsin family corresponds to what has previously been called either the rhodopsin-like receptors or clan A in the A-E classification system. The crystal structure of bovine rhodopsin has been revealed [26] and this is the only animal GPCR that has had its exact structure determined. Therefore bovine rhodopsin has frequently been used as a template for modeling the structure of other GPCRs from the rhodopsin family [27] [28] [29] . It should be noted that bacteriorhodopsin, which has also had its three-dimensional structure determined, has no sequence similarity with the GPCRs in the human genome [6] . The ligands for most of the rhodopsin receptors bind within a cavity between the TM regions [30] . There are however important exceptions to this, in particular for the glycoprotein binding receptors (LH, FSH, TSH and LG), where the ligand-binding domain is in the N-terminal. Our analysis showed four main groups [9] which we have designated a, b, g and d.
Since our original publication we have identified another 15 non-olfactory rhodopsin GPCR [13] (Gloriam et al., unpublished data) and although these are clearly atypical most seem to belong to one of the four main groups.
The Rhodopsin a-Group
This group has five main branches namely the prostaglandin-, amine-, opsin-, melatonin-, and M.E.C.A. receptor cluster as can be seen in Fig. 1.6 . This is the largest of the four main groups in the Rhodopsin family with 101 members in total.
The Amine Receptor Cluster
The Amine receptor cluster contains serotonin, dopamine, muscarinic, histamine, adrenergic, and trace amine receptors. Interestingly this large group contains only one orphan receptor, GPR 101. All the known ligands for the receptors in this group are structurally related small amine molecules with a single aromatic ring. The serotonin receptors display a heterogeneous phylogenetic pattern and two distinct subgroups can be seen, the serotonin receptor 1 and serotonin receptor 2 branches. Serotonin receptor 5 and 7 cluster basally of the serotonin receptor 1 and 2 but the branches are relatively long which indicates that these receptors are still rather distantly related. Surprisingly serotonin receptors 4 and 6 do not cluster with the other serotonin receptors but rather basally in the Amine group. This indicates that the evolutionary history of the serotonin receptors is peculiar and complex and that the ability to bind the ligand serotonin may have arisen several times in an independent manner during evolution. The trace amine receptor branch contains the trace amine receptors 1 to 5, where trace amine receptor 2 is a pseudogene in humans and hence excluded, and the other four receptors are putative neurotransmitter receptors, also known to bind trace amines. These receptors are closely related to each other with regard to amino acid identity, which indicates that they have arisen recently. The repertoire of trace amine receptors is also very dynamic as species-independent gene family expansions have been shown to have taken place in rat (17 trace amine receptors), mouse (13 trace amine receptors) and zebrafish (57 trace amine receptors; Gloriam et al., unpublished data). The five muscarinic acetylcholine receptors form a homogenous cluster within the amine group, with a relatively high degree of sequence similarity. The adrenergic receptors A and B, also called adrenergic receptors a and b, form separate clusters branching basally in the Amine receptor cluster. This shows that the A and B adrenergic receptors are rather distantly related. The dopamine receptors on the other hand do not cluster together but rather fall into two groups containing two and three receptors each. One of these groups, containing dopamine receptors 2, 3 and 4 is located basally in the adrenergic A receptor branches and the group containing dopamine receptors 1 and 5 is positioned in the adrenergic B receptor branch. This prompts the speculation that dopamine and adrenergic receptors share a relatively recent evolutionary origin. Perhaps these two receptor families originate from two families consisting of promiscuous dopamine-and adrenalin-binding receptors and in each of these families specialization with regard to ligand preferences has evolved. One other heterogeneous group of receptors in the Amine cluster is the histamine receptors, three of these clusters have relatively long branches together with the orphan receptor GPR 101 while histamine receptor 2 is placed in a position basal to the trace amine receptors.
The Opsin Receptor Cluster
This cluster of Rhodopsin a-receptors comprises the rhodopsin receptor, the three visual cone pigments for long, short and medium wavelength photons, peropsin, encephalopsin, melanopsin, the retinal G-protein coupled receptor and GPR 136. The opsins for long and medium wavelength light are found in the same chromosomal position, Xq28 only 23 700 bases apart, as a result of a gene duplication specific for primates. Unequal crossing over between these genes, resulting in either loss of one of the genes or a hybrid (chimeric) version, is the cause of the commonest form of color blindness [31] . These two proteins are over 96 % identical at the amino acid level.
The Melatonin Receptor Cluster
The two melatonin receptors cluster on a branch of their own together with orphan receptor GPR 50. Melatonin is a hormone that is mainly produced and secreted at night by the pineal gland. GPR 50 has been linked with a sex-specific risk factor for susceptibility to bipolar disorder [32] .
1.6.1.5 The MECA Receptor Cluster This cluster consists of the melanocortin, endothelial differentiation sphingolipid, cannabinoid, and adenosine receptors. The cluster also contains the three receptors GPR 3, GPR 6 and GPR 12 that recently have been shown to bind lipid ligands [33] . It is interesting to note that the receptors in this group, although clearly closely related phylogenetically, bind structurally very different ligands; melanocortin receptors bind peptides (melanocortins), endothelial differentiation sphingolipid receptors bind lysophosphatidic acid, cannabinoid receptors have anandamide (arachidonylethanolamide) as their endogenous ligand, GPR 3, 6 and 12 bind lipids and adenosine receptors bind adenosine (a purine sugar derivative). The common feature of some of ligands in this group is that both lysophosphatidic acid anadamide and the lipids binding GPR 3, 6 and 12 are derivatives of phospholipids but the adenosine and peptide ligand-binding receptors in this cluster are still peculiar.
Other Rhodopsin a-Receptors
A number of more or less unrelated orphan receptors that clearly belong to the Rhodopsin a-cluster do not fall into any of the established groups of receptors. These are the related receptors GPR 45 and GPR 63, GPR 119, GPR 148, the two related GPR 162 and 163 receptors, GPR 84, GPR RE2 and the related receptors GPR 52 and 21. As evident from Fig. 1 .6, although they figuratively appear to be related as they are positioned on a common branch, these receptors have long branches to the other receptors in the Rhodopsin a-group, even those on the same branch. Therefore the clustering, and hence the apparent relationship of these receptors, might be a result of a phenomenon known as long-branch attraction. This means that in a dataset that has some long branches leading to the leaves, in addition to some other branches which are short, the long branches will attract each other and appear as a cluster in the tree, even if they are not closely related. This results from the fact that it is more favorable from a scoring point of view, to cluster dissimilar sequences together than to place them separately at the root. The phenomenon of long-branch attraction is known to affect in particular, maximum parsimony algorithms although this type of artefact can present in various types of phylogenetic tree regardless of the algorithm used.
Rhodopsin b-Group
The b-group in the Rhodopsin family is not subdivided further into named sub branches. All the known ligands to the receptors in this cluster are peptides. The group includes the branch containing orexin-, neuropeptide FF-, tachykinin-, cholecystokinin-, prolactin-releasing hormone receptor and the neuropeptide Y receptors. As can be seen in Fig. 1.7 , these receptors are relatively closely related as they place on the same branch in the tree. On the same branch, containing 18 receptors in total, the four orphan receptors GPR 72, GPR 73, GPR 73L1 and GPR 103 are also found. Continuing clockwise in Fig. 1.7 , we find three orphan receptors, GPR, GPR 19 and GPR 154 that do not cluster with any other receptor but rather branch from the center of the tree. The next main cluster contains the neurotensin, motilin, ghrelin, and neuromedin receptors. This group also contain the orphan receptor GPR 39. Continuing further we find two orphan receptors GPR 75 and GPR 150 that do not clearly group with any other receptors. As can be seen the branches for these receptors are among the longest in the entire tree which shows that they are only distantly related to all the other receptors in the cluster. This is especially pronounced for GPR 75. The next group contains the gonadotropin releasing hormone, angiotensin, vasopressin, and oxytocin receptors. And finally the last group contains the endothelin, neuromedin B, gastrin releasing peptide, and the bombesin-like 3 receptors. Noteworthy in this group is that the neuropeptide Y receptors show a clearly heterogeneous phylogeny. In particular, the neuropeptide Y receptor 2 is not placed together with the other NPY receptors but rather with the tachykinin, prolactin-releasing hormone receptors and orphan receptors GPR 72, 73 and 73L1. It can also be seen that the neuropeptide Y receptor 2 has a higher amino acid identity to prolactin-releasing hormone receptor (36.5 %) and GPR 72 (33.9 %) than to the other NPY receptors (30.9, 34.2, and 30.9 % to neuropeptide receptors 1, 4 and 5 respectively). The neuropeptide Y receptor 5 places equally distant to the neuropeptide Y 1 and 4 pair of receptors and cholecystokinin receptors. The reason for this is probably that neuropeptide Y receptor 5 has a long third extracellular loop due to an insertion, which is also present in the cholecystokinin receptor. The evolutionary history of this group of peptide binding receptors is likely to be much more complicated than it appears at first. For example, the prolactin-releasing hormone receptor is likely to share a recent evolutionary ancestor with the NPY receptors (Lagerstrom et al., unpublished data).
Rhodopsin c-Group
This group comprises three main clusters termed the SOG, MCH, and Chemokine receptor clusters ( Fig. 1.8 ).
The SOG Receptor Cluster
This cluster of receptors contains the somatostatin, opioid, galanin, and neuropeptide W receptors. It also contains the former orphan receptor GPR 54 which is now known to bind RF-amid. The known ligands to the receptor on this branch are thus all peptides but these ligands have, apart from their peptide nature, no structural similarities. The receptors in this cluster form four phylogenetic clusters (see Fig. 1.8) , one containing only the five somatostatin receptors, one containing the two neuropeptide W receptors, one containing the four opioid receptors and finally one containing the three galanin receptors and GPR 54. 16 
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The Melanocyte Concentrating Hormone Receptor Cluster
The two melanocyte concentrating hormone (MCH) receptors branch rather basally in the SOG cluster with relatively long branches. The branches connecting the two MCH receptor leafs are also relatively long which indicates that either these two receptors split quite early from a common ancestor or that they evolved at a much faster rate than the other receptors in the SOG cluster. The ligand is MCH which is a cyclic neuropeptide of 19 amino acids that is involved in, among other things, the regulation of feeding behavior.
The Chemokine Receptor Cluster
This cluster is by far the largest in the Rhodopsin g-group. The branch with most receptors contains the classical chemokine receptors of the C-C (12 receptors) and C-X-C types (eight receptors). These receptors are known to bind small immunomodulating peptides. At the base of the chemokine branch is a relatively long branch containing the adrenomedulin receptor and one orphan chemokine-like receptor has split off. Continuing clockwise along the tree in Fig. 1.8 is a cluster containing the bradykinin and the two angiotensin receptors. The next branch contains three orphan receptors, the angiotensin-like receptor 1, GPR 15 and GPR 25. Further, the next branch contains the orphan receptor GPR 100 and the relaxin 3 receptor 1. Finally the Chemokine branch contains another large branch containing three complementary component receptors, three formyl peptide receptors, three orphan receptors and one chemoattractant receptor.
Other Rhodopsin c-Receptors
Similar to the Rhodopsin a-group there are a number of mainly orphan receptors connected close to the center of the tree in a loose cluster with long branches. Using reasoning similar to that for Other Rhodopsin a-group receptors these should probably be considered to be more or less unrelated. The receptors in this "branch" are the two leukotriene B4 receptors and 10 orphan receptors namely, GPR 141, GPR 120, GPR 135, GPR 2037, GPR 146, GPR 35, chemokine-like receptor 2, GPR 139, GPR 31, GPR 14 and GPR 152.
The Rhodopsin d-Group
This group (Fig. 1.9 ) has five main branches termed the MAS-related receptor cluster, the Glycoprotein receptor cluster, the Purinergic receptor cluster, the Coagulation factor receptor cluster and the Olfactory receptor cluster (not shown in Fig. 1.9 ).
The MAS-related Receptor Cluster
This group contains 10 receptors with the MAS oncogene receptor and the MASrelated receptor branching most basally in the cluster. The four MAS-related GPCR D-G are separated by relatively long branches while the MAS related GPCR X1-4 are clearly highly similar. The MAS related GPCR X receptors have been shown to bind small peptide fragments originating from opioid peptides and these receptors are mainly expressed on small sensory neurons [34] .
The Glycoprotein Receptor Cluster
This cluster of receptors contains the classical glycoprotein hormone receptors, follicle stimulating hormone receptor, tyrotropin releasing hormone receptor and the leutropin-choriogonadotropin hormone receptor. It also contains the two relaxin receptors and three orphan receptors. The receptors in this cluster are different from all other Rhodopsin receptors because they have long N-termini which contain the ligand recognition domain, in common with most non-Rhodopsin GPCRs. This cluster also contains the two orphan receptors GPR 18 and GPR 82.
The Coagulation Factor Receptor Cluster
This cluster contains four receptors for coagulation factors, one purinergic receptor and a separate branch with the three free fatty acid binding receptors (previously known as GPR 40, 41 and 43) [35] [36] [37] .
The Purinergic Receptor Cluster
This large branch consists of 13 nucleotide binding, or purinergic, receptors (P2Ys), the platelet activating factor receptor, the two cysteinyl leuktriene receptors and 14 orphan GPCRs and hence the known ligands for the receptors in this group are extracellular nucleotides, leukotrienes and thrombin. Considering the close phylogenetic relationship between the receptors with known ligands and the large number of orphan receptors it is likely that additional purinergic receptors will be discovered among the orphan GPCRs in the Purinergic cluster.
The Olfactory Receptor Cluster
The olfactory receptors clearly belong to the Rhodopsin g-group using both phylogenetic and sequence clustering methods and our phylogenetic analysis indicates that the olfactory receptors form a stable phylogenetic cluster, which does not overlap with other groups of the rhodopsin family or with other families. Our previous searches in the human genome databases indicated that there could be over 460 olfactory receptors in the human genome that we consider likely to represent unique functional receptors [9] . A total of 347 putative human full-length odorant receptor genes have previously been identified and physically cloned [25] . It has also been suggested that there are over 900 olfactory receptor-like sequences in the human genome [2] . Further work is needed to identify the total number of olfactory receptors.
Other Rhodopsin a-Receptors
As is the case with the Rhodopsin a and g groups, the Rhodopsin d group contains four receptors that cannot be positioned phylogenetically on any branch of the tree. These are the orphan receptors GPR 35, GPR 55, GPR 20 and GPR 92.
Other GPCRs
There are currently 19 GPCRs that either cannot logically be placed into any of the main families (eight) or are likely to belong to the Rhodpsin family but cannot with certainty be placed into any of the four groups (11) . Of these putative rhodopsin receptors six (V1RL1, V1RL2, V1RL4, FKSG46, FKSG83 and hGPCR23) are clearly related to each other and hence form a small "cluster". These are all related to vomeronasal receptors type 1, a family of GPCRs with over 100 members in for example the mouse and rat genomes. As humans do not appear to have a vomeronasal system for pheromone detection it is presently unclear whether these five human receptors have a physiological function, although they appear to be functional based on their amino acid sequence, or if they perform some other function in humans unrelated to pheromone detection. The other receptors putatively belonging to the Rhodopsin family are the Duffy receptor, known to be involved in immune system modulation and the four orphan receptors GPR 88, GPR 142, GPR 160 and hGPCR 19. Of the non-Rhodopsin receptors in the "Other" group two pairs of related receptors can be seen. TM7SF1 and C11ORF4 are clearly related to each other as are PERVAR1 and PERVAR2. Interestingly none of these receptors has any detectable sequence identity to any GPCR outside its pair and the same is true for the last four "Other receptors", IEDA, OA1, hGPCR29 and hGPCR43.
Future Perspective
There are currently 19 GPCRs that either can not be placed clearly into any of the main families (eight) or are likely to belong to the Rhodopsin family but can not with certainty be placed into any of the four groups (eleven). Much work has recently been carried out to organize the "functional" protein coding gene repertoire of GPCRs in the human genome. There is however considerable work remaining. Even though most of the genes have been identified, their exact genomic structure, including all alternatively spliced isoforms, needs to be worked on, in particular for those receptors that have recently been identified. Which genes are pseudogenes and which are not? Do many of the pseudogenes have a functional role even though they do not look like GPCRs with intact seven transmembrane regions? Our recent understanding of RNA genes has also emphasized the need to adopt a more "open minded" approach to what is functional and what is not. This is an important problem among those groups of receptors that are either rapidly expanding or shrinking in numbers in the human genome. Some groups such as the olfactory receptors clearly need more work while the exact domain composition of other groups such as the relatively newly established adhesion family also need more fine tuning. Progress is being made on the repertoire of GPCR in other genomes. In a recent article we created Hidden Markov Models based on the different groups of human GPCRs and added several other models based on receptors not found in mammals [9, 38] . We searched the entire Genscan datasets from 13 species whose genomes are nearly completely sequenced. We reported over 5000 unique GPCRs that were divided into 15 main groups, and that the Rhodopsin family was subdivided into 13 subclasses. This chapter shows that all the five main families in the human genome arose prior to the split of nematodes from the chordate lineage and that several of the subgroups of the Rhodopsin family arose prior to the split of lineage which led to the vertebrates. We are currently working on more detailed analysis in each species with emphasis on the mouse, rat, and chicken genomes. This will provide a better understanding of the origin of the human GPCRs and the subgroup-specific changes that have occurred during the last 300 million years. Table 1 .1 All 19 receptors in the group "Other" were searched against a database, using BLASTP with a cut-off at 0.01, containing only all human GPCRs and the best non-self hit was recorded. The first column shows the overall best hit and the second the best hit when all receptors from the "Other" group of are excluded. E values from the BLASTP searches are presented in parentheses. A putative family assignment based on the hit in the second column is also presented.
Receptor name
Best human BLAST-hit Best human BLAST-hit Putative excluding "Other"" main family 
